An aerodynamic shroud was designed to reduce the effects of the wind turbine tower wake on the blades of a downwind rotor. For a given tower diameter and wind speed the shroud was designed to have the minimum drag and minimum chord length downstream of tower centerline, while being able to self-align and resist flow separation when subjected to a non-zero angle of attack. The initial analysis was run using XFOIL and showed that a three-to-one chord-to-thickness ratio resulted in the minimum drag. Based on this result, the NACA0033 airfoil was selected as the baseline. Further analysis showed that a shroud of this shape will not self-align due to the tower center being located behind the aerodynamic center. A new series of airfoils was created to have a 33% thickness ratio starting from a NACA0028, NACA0030, and NACA0031. The resulting airfoils all had significant adverse pressure gradients near their maximum thickness locations that could lead to flow separation. A new group of airfoils were created by adjusting the existing airfoil geometry using PROFOIL. Of the 13 airfoil designs that were analyzed, the C30u design had the best overall performance and met all of the objectives. At a Reynolds number based on tower diameter of 8. 
The most common concern about using a downwind rotor is the effect of the tower wake on the downstream blades. When a blade passes through the velocity deficit of the wake, it experiences a change in the relative angle of attack. The sudden change in the aerodynamic loading on the blade can cause the blade to flutter. A wind turbine rotor will typically go through thousands of revolutions a day and millions of revolutions a year. If the blade experiences a slight flutter every revolution, the effects can be compounded, resulting in significant blade fatigue and greatly reducing the life span of the blade. However, employing an aerodynamically faired tower, like the one shown in Fig. 1c , can mitigate these negative effects. Such geometry will have a substantial impact because the drag (and turbulent wake) of an airfoil is many times less than that of a cylinder.
Wind turbines operate in the subsonic regime, therefore the tower influences the flow that the blades experience even for an upwind design. While this design is most significant for downwind turbines, the inclusion of a tower shroud can also be beneficial for upwind designs. This design is even more promising when an entire wind farm is considered instead of a single turbine. The use of a tower shroud can help to reduce the effects of the entire turbine on the freestream velocity, allowing turbines to be packed more closely together while still capturing the same amount of energy, which could potentially lead to a significant increase in the amount of power generated by a wind farm per acre.
B. Previous Studies on Fairings and Shrouds
Many techniques have been implemented in an attempt to reduce the drag of a cylinder. Sang-Joon Lee et al. 4 were able to reduce the drag by 25% by installing a small control rod upstream of the cylinder. Mohammad Mashud et al. 5 also achieved a 25% reduction in drag by attaching circular rings around the cylinder. Sosa, D'Adamo, and Artana 6 were also able to reduce the drag by 25% with the use of threeelectrode plasma actuators. Jong-Yeon Hwang and Kyung-Soo Yang 7 were able to achieve greater success in reducing the cylinder drag by nearly 40% by installing one splitter plate upstream of the cylinder and another in the cylinder wake. Finally, Triyogi, Suprayogi, and Spirda 8 were able to reduce the drag of a cylinder by nearly 50% by installing an I-type bluff body upstream of the cylinder. None of these techniques were able to reduce the cylinder drag to a level similar to the drag of a typical airfoil.
The drag of a wind turbine tower can be greatly reduced, by more than 90%, by incorporating an aerodynamically faired shroud around the cylindrical tower, like shown in Fig. 2 . Such a shroud would significantly reduce the effects of the tower wake on the rotor blades. One drawback for use with a downwind turbine is that the turbine rotor must be moved further downstream so that the tower would have to be able to support increased cantilever loads. It is clear that a streamlined shroud would have a positive impact on the drag of the turbine tower, though the optimal shroud geometry must be determined. XFOIL, a program for the design and analysis of subsonic airfoils, was used to calculate the drag coefficient of various airfoil shapes. XFOIL provides the drag coefficient based on chord, viz
For this study we are interested in the drag coefficient based on the diameter of the inscribed cylinder, which is constant based on the diameter of the turbine tower, viz
The coefficient of drag that XFOIL provides (Eq. 1) can easily be converted to the drag coefficient based on tower diameter (Eq. 2) by multiplying it by the airfoil chord and dividing by the tower diameter. The drag coefficient will change with the Reynolds number, viz
Re ≡ ρVc µ
The Reynolds number (Eq. 3) depends on the chord of the airfoil, therefore it is different for each airfoil. The Reynolds number can be converted to a Reynolds number based on tower diameter, which is constant for each airfoil, viz
The Reynolds number based on tower diameter (Eq. 4) is obtained by multiplying the Reynolds number based on chord (Eq. 3) by the tower diameter and dividing by the airfoil chord.
One important characteristic for the shroud is that it should self-align around its pivot point when the flow approaches at a non-zero angle of attack. To check if the tower is self-aligning, the change in the moment coefficient about the tower center with respect to angle of attack must be calculated, viz
A self-aligning, passive shroud, i.e. without a shroud yaw drive, will have a negative C mα,D value, which means the moment coefficient will be negative at a positive angle of attack and positive at a negative angle of attack. Figure 3 shows the comparison between the drag coefficients for elliptic airfoils and symmetric NACA airfoils for different chord-to-thickness ratios. The data for the ellipses were taken from Blevins, 9 while the symmetric NACA airfoil data were calculated at different Reynolds numbers using XFOIL. The drag coefficient is lower for symmetric NACA airfoils, even at a lower Reynolds number, which is significant because the drag coefficient typically increases as Reynolds number decreases. Figure 3 also includes data for the reduced cylinder drag from the studies mentioned earlier. Implementing an aerodynamic shroud around the tower is significantly more effective at reducing the drag than any of the other methods. Figure 3 . Drag coefficient at zero degree angle of attack for a cylinder, ellipses, and symmetric NACA airfoils ranging from NACA0012 to NACA0050, where D is the maximum circle diameter that can be inscribed in a given shape and c is the streamwise length (ellipse data from Blevins, 9 and reduced drag data from Lee et al. 4 , Hwang et al. 7 , and Triyogi et al. 8 ).
There have not been many experiments done to test how much the wake unsteadiness of a wind turbine can be reduced by using an aerodynamically faired tower, most likely due to the fact that conventional turbines use an upwind design where the tower has little influence on the flow that the rotor sees. During their unsteady aerodynamics testing, Hand et al. 10 did take wake measurements for NREL while using a symmetric airfoil-shaped shroud (0.46 m thickness, 0.89 m chord) in a downwind turbine configuration. Unfortunately the test results are unavailable.
A study at the Masdar Institute of Science and Technology 11 simulated the interaction between the tower and rotor for a downwind design. The simulation was run using a NACA0012 airfoil cross-section and a circular cross-section. The airfoil and circular cross-sections resulted in 5% and 57% reductions in the lift forces on the rotor blade, respectively. The researchers observed that the airfoil shaped tower produced a confined wake compared to the circular towers, and had the least overall impact on rotor instability. Figure 4 shows the wake of the circular and NACA0012 cross-section towers during the passage of the rotor. It is evident that the airfoil shaped tower has a significantly smaller wake and thereby has less of an impact on the blade.
C. Objectives
The primary objective of this study is to develop an aerodynamic shroud for a wind turbine tower to reduce the effects that the tower has on the rotor. This objective is accomplished by meeting several constraints. The velocity deficit in the wake is directly related to the tower drag, thus the shroud is designed to have the minimum drag possible. The shroud must inscribe a circular cylinder, preferably centered at the maximum thickness location to ensure that the shroud can fit around the tower while maintaining the minimum possible thickness. It is important to make sure that the aerodynamic forces on the shroud result in the proper moment about the tower center to ensure that it self-aligns with the wind direction when exposed to a non-zero angle of attack. The shroud must display a smooth pressure distribution without any large adverse pressure gradients that can lead to separation. The shroud should have the minimum possible distance between the inscribed cylinder center and its trailing edge while still meeting the other objectives because it limits how far downstream the rotor must be located thus reducing the cantilever loads that the tower must support.
II. Computational Methods -XFOIL
The shroud geometries were analyzed using XFOIL, 12 an open-source program for the design and analysis of subsonic airfoils, to analyze various shroud configurations. The program was used to determine the drag, moment, and pressure distribution for each airfoil in order to find an airfoil that best meets all of the above requirements. The initial design for the tower shroud was developed using XFOIL, which allows for both inviscid and viscous analysis. Only viscous results are presented in this paper. XFOIL is able to predict the pressure distribution around an airfoil at a given Reynolds number and angle of attack. It then uses the pressure data to calculate the lift, drag, and moment on the airfoil. XFOIL also enables the user to choose between free and forced transition. If forced transition is chosen the user is asked to specify a fixed location for transition to occur. This option is particularly useful when the boundary layer is forced to transition at a specific location on the real airfoil, i.e., placing a trip-strip on the airfoil. If free transition is used, the program will predict the location along the airfoil where boundary layer transition will occur.
For a given Reynolds number, XFOIL provides the drag coefficient based on the chord length of the airfoil (Eq. 1). For this study we are interested in the drag coefficient based on the tower diameter (Eq. 2), because the tower diameter is constant, and this will allow for a fair comparison in drag.
XFOIL has become a standard for the analysis of airfoils in incompressible flow but checks were still done to validate the data acquired from the program. The NACA0012 airfoil was used due to the large amount of experimental data available for it. Figure 5 shows the drag polars at Re = 3x10 6 and Re = 9x10 6 (Eq. 3). The experimental data for both cases come from Abbott and von Doenhoff. 13 In both cases it can be seen that for the free transition case XFOIL follows the same trend as the experimental data, though it slightly underpredicts the drag coefficient. This underprediction can be compensated for if the correct transition location is known. The relationship between drag coefficient and Reynolds number is shown in Fig. 6 . The experimental data for the 18% thick airfoil were taken from Blevins 9 while the computational data were determined using XFOIL. The change from a linear slope occurs due to the transition of the boundary layer from laminar-to-turbulent flow. For the free transition case, the XFOIL data seems to follow the same trend but slightly underpredicts the drag. Both the 3% and 20% transition cases follow the general trend, but they do not have the same shape where the boundary layer transition occurs, which is expected because the transition has already been forced at the lower Reynolds numbers. Overall, the validation showed that in general XFOIL is fairly accurate at predicting the aerodynamic forces on an airfoil, and experimental tests can be run to verify the data. In the case of the drag coefficient, where XFOIL tends to underpredict the drag when using free transition, the results are still useful for comparing airfoils because the trend is likely to be consistent for all airfoils considered in this study.
III. Shroud Design

A. Performance Objectives
As mentioned earlier, the shroud needs to meet several requirements in order to be suitable for use with a wind turbine tower. To reiterate, the shroud should have: 1) low drag, i.e., minimum C d,D
2) self-aligning about cylinder center i.e., C mα,D < 0 about x D 3) avoid strong adverse pressure gradients, i.e., C p does not reduce drastically with x/c 4) short trailing edge i.e., minimum x TE -x D Minimizing the drag is directly related to minimizing the wake effects of the tower. A negative C mα,D will ensure that the shroud will self-align when subjected to a non-zero angle of attack. Having a reasonable pressure distribution means that the shroud should not experience any large adverse pressure gradients that can lead to flow separation at low angles of attack. Minimizing the distance between the tower center and the trailing edge of the shroud reduces the distance that the turbine rotor must be shifted downstream, thereby reducing the cantilever loads that the tower must be able to support.
B. Baseline Shroud Geometry
XFOIL was used to design the initial shroud geometry, in part by analyzing the drag of various symmetrical airfoils at zero angle of attack. The first step was to determine if it would be better to use a shroud with an elliptic cross-section or one with a typical symmetric airfoil shape. As seen earlier in Fig. 3 , the drag coefficient is lower for symmetric NACA airfoils than for the elliptic shapes. From these results it was determined that a symmetric NACA airfoil would be selected for the baseline geometry, rather than an ellipse.
The next step was to determine which chord-to-thickness ratio would result in the lowest drag. The highly streamlined, thin airfoils (i.e., NACA0012) have less pressure drag than thicker airfoils (i.e., NACA0040), but they also have a longer chord length because the thickness is constant, which results in a higher skin-friction drag. XFOIL was used to help determine where the combination of pressure and skinfriction drag is minimized. Figure 7 shows the results at the Reynolds number for the full-scale tower, Re D = 8.3x10 6 . The full-scale calculations use a wind speed of 12.5 m/s and a tower diameter of 10 m. The results indicate that a three-to-one chord-to-thickness ratio results in the lowest drag. For this reason, the shrouds were designed to have a 33% thickness ratio. It should also be noted from Fig. 7 that there is not a significant increase in the drag for airfoils with a slightly higher or lower chord-to-thickness ratio. The baseline geometry was chosen to be a NACA0033 airfoil with the tower center located at the maximum thickness of the airfoil, which occurs at 30% of the chord, as shown in Fig. 2 .
Based on the results from XFOIL, the NACA0033 has a positive C mα,D (Eq. 5) about the tower center location and therefore is statically unstable, i.e. not self-correcting. If the flow approaches at a non-zero angle of attack, the shroud will be further misaligned resulting in a large increase in the drag and increasing the effects of the tower wake on the turbine blades. It was expected that the NACA0033 would not selfalign because the tower center is located behind the quarter chord, which is typically where aerodynamic center is located for a thin symmetric airfoil.
C. Simple Cuff
In an attempt to create a shroud with minimum drag and a negative C mα,D about the tower center, a series of new 33% thick airfoils was developed where the maximum thickness locations were further forward along the airfoil. The new airfoils were created by starting from a NACA0028, NACA0030 and NACA0031, all three of which have the maximum thickness located at 30% of chord. The front end of each airfoil was then trimmed so that the leading edge of the airfoil was a cylinder centered about the maximum thickness location. By making this change the new geometry has the maximum thickness located much closer to the leading edge thereby increasing the change that the shroud will have a negative C mα,D about the inscribed cylinder center. Figure 8a shows a schematic of a NACA0031 airfoil with the front trimmed to a cylinder. The new airfoil geometry has a blunted leading edge and a chord-to-thickness ratio greater than the optimal 33%, both of which lead to an increase in drag. This problem was remedied by adding a leadingedge cuff to each airfoil to yield a 33% thickness ratio while also reducing the bluntness. The distribution of the cuff shape varied linearly from a set length at the leading edge to zero at the maximum thickness location. Various cuff shapes were explored but a linear distribution was found to be the simplest and most effective shape. The airfoil with the cylindrical front that originated from the NACA0031 required a cuff that was 10% of its chord length to achieve a 33% thick airfoil. The airfoils that originated from the NACA0028 and NACA0030 required cuffs that were 1.15% and 7.1% of their chord lengths respectively. The three airfoils of the new 'simple cuff' series were named the C28, C30 and C31 where the C stands for 'cuff' and the symmetric NACA airfoil it originated from is represented by the number. A schematic of the newly developed C31 airfoil is shown in Fig. 8b .
The drag coefficient and moment coefficient were found using XFOIL for the full scale Reynolds number of each airfoil based on a thickness of ten meters. The results show a tradeoff between the drag and pitching moment. The C31 has the lowest drag of the new airfoils but it also has a slightly positive C mα,D . On the other hand, the C28 has the best C mα,D but it also has the highest drag. The C30 airfoil seems to meet the objectives the best out of all the airfoils.
A third objective in developing the shroud is to have a smooth pressure distribution without any large adverse pressure gradients. Figure 9 shows the pressure distribution along each airfoil at a zero degree angle of attack. It can be seen that all of the new airfoils have a sudden drop in the pressure around their maximum thickness location. This large adverse pressure gradient can lead to separation, which would greatly increase both the drag of the shroud and the turbulence of the wake. The adverse pressure gradient is particularly bad for the C28 airfoil as the pressure drop is nearly vertical at one point. 
D. Advanced Design
Slightly varying the geometry of each airfoil can help to smooth the pressure gradient without significantly affecting the drag or moment. The new airfoils were designed using PROFOIL, 14 which is an inverse design method that allows for the prescription of the desired velocity distribution from which the geometry is determined. The method was applied for each case with and without the constraint that the slope must be near zero at the original maximum thickness location, resulting in six new airfoils to go along with the three originals. The airfoils that were created with the constraint are designated with a 'c' in the airfoil name, e.g., C31c, and are referred to as the 'constrained' series. The airfoils that were created without the constraint are designated with a 'u', e.g., C31u, and are referred to as the 'unconstrained' series.
There are two options on how to handle the airfoils without the zero slope constraint. The first is to leave the tower at the original maximum thickness location, which will result in a thicker airfoil with increased drag, but the moment should not be affected significantly. The second option is to place the tower at the new maximum thickness location which will result in a lower drag because of the smaller absolute thickness, but it would have poorer C mα,D characteristics because the tower center is farther aft on the airfoil. The two options were distinguished by adding a 's' for the case where the tower location is shifted to the new maximum thickness, e.g. C31us. The C28us, C30us, and C31us airfoils are referred to as the 'unconstrained-shifted' series. A breakdown of the properties of each shroud design is shown in Table 1 . The drag coefficient and C mα,D results for all airfoils are presented in Fig.10 as well as in Table 1 . The C31us had the minimum drag, but it had a positive C mα,D value. The C28 had the best pitching moment performance, but it also had the second highest drag of all the airfoils. The C30u had the best overall performance in terms of drag and moment with the fourth lowest drag and the fourth lowest C mα,D value.
The unconstrained-shifted series had the best drag performance, with the unconstrained series a close second, while the simple cuff series and the unconstrained series performed the best with respect to the pitching moment. The unconstrained series had the best balance between the drag and moment. Coordinates for the unconstrained series airfoils are given in the appendix. Figure 11 shows the pressure distributions at zero degree angle of attack for the unconstrained series. There was a significant improvement in the pressure distribution when compared with the simple cuff series (Fig. 9) as none of the airfoils experienced a large adverse pressure gradient. The C28u had the highest peak in C p but it was still an improvement from the C28. The C30u performed the best with respect to the drag and pitching moment and also had a wellbehaved pressure distribution. The airfoil was designed to inscribe a cylinder, and if the cylinder center were located farther back along the airfoil then the C mα,D value would have suffered. The C30u met all of the performance objectives and was thereby chosen as the best geometry for the tower shroud.
!
IV. Conclusions
The methods discussed above were used to develop a range of possible designs for the tower shroud. Analysis of the designs was performed using XFOIL. A three-to-one chord-to-thickness ratio was determined to result in the minimum tower drag. The baseline design was chosen to be a NACA0033 airfoil, but it had a positive C mα,D value. A NACA0028, NACA0030, and NACA0031 airfoil were each modified with a simple cuff design to give them a 33% thickness ratio. The resulting airfoils all experienced a significant adverse pressure gradient that could lead to flow separation. PROFOIL was used to adjust the airfoil geometry so that the pressure distribution was well behaved. The program was run with and without a constraint on the slope of the airfoil at the inscribed cylinder center location. This method produced two new airfoil families and shifting the tower location to the new maximum thickness for the unconstrained family created a third. Of the three new series of airfoils, the unconstrained series performed the best. The C30u design had the best balance between drag and moment performance with a C d,D value of 0.0193 and a C mα,D value of -0.00256 at Re D = 8.3x10 6 , and it also had a well-behaved pressure distribution. The drag of the C30u is only 2.5% of the drag for a cylinder at the same Reynolds number. The C30u was determined to be the best design for the tower shroud.
The next step is to test the designs experimentally. A model of the tower shroud can be made using 3-D printers available at the University of Virginia (UVA), and the experiments will be run in a water tunnel that is also at UVA. A test will be run to simulate the effects of a blade passing through the wake. A model of the turbine blade will be weighted and released in the water tunnel behind the shroud, and the change in velocity when passing through the wake will be recorded. From the results, the size of the wake velocity deficit can be found. 
